Cu 3 SbSe 4 is a promising thermoelectric material due to high thermopower (> 400 µV/K) at 300K and higher. Although it has a simple crystal structure derived from zinc blende structure, previous work has shown that the physics of band gap formation is quite subtle due to the importance of active lone pair (5s 2 ) of Sb and the non-local exchange interaction between these and Se 5p electrons. Since for any application of semiconductors understanding the properties of defects is essential, we discuss the results of a systematic study of several point defects in Cu 3 SbSe 4 including vacancies and substitutions for each of the components. First principles calculations using density functional theory show that among variety of possible dopants, p-type doping can be done by substituting Sb with group IV elements including Sn, Ge, Pb and Ti and n-type doping can be done by replacing Cu by Mg, Zn. Doping at the Se site appears to be rather difficult. Electronic structure calculations also suggest that the p-type behavior seen in nominally pure Cu 3 SbSe 4 is most likely due to Cu vacancy rather than Se vacancy.
Introduction
Thermoelectrics (TE) are materials used in thermal-electrical energy conversion. An important physical quantity that controls the performance of a TE is the dimensionless figure of merit ZT = σS 2 T/κ, where σ is the electrical conductivity, S is the Seebeck coefficient (thermopower) and κ = κ el + κ latt is the thermal conductivity which is the sum of thermal conductivity of electrons (κ el ) and phonons (κ latt ). The efficiency of a TE system increases nonlinearly with ZT and approaches the Carnot efficiency as ZT → ∞. An important goal of thermoelectric study is to achieve as large value of ZT as possible. This can be achieved by increasing σS 2 (called the power factor) through the engineering of electronic structure [1] and/or manipulating the energy dependence of electron scattering rate, and arresting phonon transport (reducing κ latt that usually dominates κ el in high performance TEs which are doped semiconductors) by introducing defects of different length scales (point defects, nanoparticles, grain boundaries etc. ) and taking advantage of intrinsic lattice anharmonicity [2] .
Since good thermoelectrics are narrow band gap semiconductors [3] their electronic transport properties have to be optimized by carefully controlling the types of defects and their concentrations. This optimization is necessary because the two electronic transport quantities controlling the power factor are contra-indicatory i.e. increasing σ reduces S or vice versa, the well-known Pizarenko relation [4] . Thus it is important to investigate what types of defects can be inserted into a host semiconductor, what are their formation energies and how they affect the electronic structure of the host and ultimately charge and energy transport. The ideal case is when the defect acts as a simple dopant without altering the band structure of the host, the so called rigid band approximation. In many cases this approximation fails and one has to be careful in analyzing experimental results. [5] In this paper we address the question of defects in a promising thermoelectric compound, Cu 3 SbSe 4 (Se4). Cu 3 SbSe 4 has the Famatinite [6] crystal structure (sometimes referred as 3-1-4 materials) which belongs to the tetrahedrally coordinated (diamond-like) class of compounds whose common characteristics are the average of four valence electrons per atom and tetrahedral coordination of all the atoms. This class of materials covers a wide range of semiconductors including the wellknown group IV elements, III-V (such as GaAs and AlAs), II-VI (e.g. ZnS, ZnSe), 1-1-2 (such as CuInS 2 , CuInSe 2 , AgGaSe 2 ) and 2-1-3 (such as Cu 2 GeS 3 , Cu 2 SnSe 3 , Ag 2 GeSe 3 ) compounds [6] . However, only a limited number of these compounds have attracted attention for thermoelectric applications; Cu 3 SbSe 4 and its isostructural analogs are among them. One of the rationale to investigate this and similar compounds is that they do not contain Pb (poisonous) and Te (volatile and expensive) as in well-known thermoelectrics such as PbTe, (GeTe) 0.85 (AgSbTe 2 ) 0.15 (commonly known as TAGS) with large ZT values [2] .
In a recent study Skoug et al. [7] have shown that Se4 as synthesized is a p-type TE with rather large S values (> 400 µV/K at T 300K). In a later work [8] they also showed that by optimizing carrier concentration through partial substitution of Sb by Ge and making solid solution of Se4 and its isostructural analog Cu 3 SbS 4 to reduce the lattice thermal conductivity, they could improve the ZT values. They found that in Cu 3 Sb 0.97 Ge 0.03 Se 2.8 S 1.2 , ZT ∼ 1 could be achieved at T ∼ 700K, comparable to the well-known optimized PbTe [2] . If one can reduce the thermal conductivity of Se4 further through nanoparticle insertion (as is done in PbTe-SrTe [9] ) one can get larger ZT values. As regards n-type Se4, it turns out to be extremely difficult to dope Se4 n-type. [10] Our previous work on Se4 [11] has shown that, in spite of the simple diamond-like crystal structure, the electronic structure of Cu 3 SbSe 4 near the band gap region is rather subtle. From a simple valence count (Cu 1+ , Se 2− ) one expects Sb to be 5+ in this compound. In contrast, we found that Sb is in nearly 3+ configuration with its 5s states (lone pair) fully occupied. However the 5s 2 lone-pair electrons of Sb strongly hybridize with the p states of Se and split one band out of the twelve Se p bands (per formula unit). This split-off hybridized band becomes the lowest conduction band. Our calculations predict that Se4 when doped can be a good p-type TE with large S , in agreement with experiment. [11] We found that n-doped Se4 has values of S in acceptable range for TE application provided n-type compounds can be synthesized. We also showed that the band gap of Se4 can be tuned by using complete isovalent substitutions [12] .
Despite the fact that Se4 has the potential to be a promising TE there are very few experimental studies on these compounds [7, 8, [13] [14] [15] and, to the best of our knowledge, no theoretical work on defects in this system is available in the literature. In the present work we address this deficiency by calculating the formation energies of a large number of neutral dopants (isovalent and non-isovalent) using first principles electronic structure calculations. In addition we investigate the effect of defects on the electronic structure and potential thermoelectric properties.
The arrangement of the paper is as follows: in Sec. 2, we describe the method we have used to calculate the formation energies of defects and then discuss briefly the computational methods used. We present our results and discussion in Sec. 3. The summary and the highlights of our work are given in Sec. 4.
Method to calculate formation energy and computational details
The defect system is modeled by creating a defect in a periodic supercell. Most of the calculations have been done starting from a 64 atom (24 Cu, 12 Sb and 32 Se) supercell of Se4. In some cases, a 128 atom supercell was used to see what happens to the physical properties for lower concentrations of defects. To study the energetics of defects, we follow the work of Zhang and Northrup [16] where the formation energy ∆E f (X) of a defect X of charge q is given by:
where E tot (X) and E tot (0) are the total energies of the system with and without the defect X respectively, E A and E X are the ground state energies (per atom) of the solid state of the host atom A (A= Cu, Sb, or Se) and the impurity X accordingly. n is the number of atoms transferred from the reservoir (pure solid) into the host system; n > 0 if an atom is transferred from the host material to the reservoir and n < 0 for the reverse situation. ǫ V BM is the valence band maximum energy of the host and ǫ F is the Fermi energy referenced to ǫ V BM . µ A and µ X are the chemical potentials of A and X respectively (as measured from the atomic chemical potential of the elemental solid at T = 0K) .
One can see that the defect formation energy depends not only on the atomic energies (in the solid state) but also on the atomic chemical potentials which are determined by the experimental conditions. For example one can control the chemical potential by growing samples under Cu rich or poor conditions. Under equilibrium growth conditions, the range of chemical potentials is however bounded by thermodynamic conditions which require [16] 
In this study, only neutral defects (q=0) are considered and the atomic chemical potentials are assumed to be 0. Thus, Eq. 1 reduces to:
For example, the formation energy of a Cu vacancy is given by
and the formation energy of a Ni substituting a Cu is given by
Value of ∆E f determines how likely it is to create a defect in the host material. Positive formation energy means it costs energy while negative means creating defects releases energy. Total energy calculations are performed using pseudo-potential, projector augmented wave (PAW) method [17, 18] within the generalized gradient approximation (GGA) with PerdewBurke-Ernzerhoff (PBE) exchange-correlation potential [19] as implemented in Vienna Atomic Simulation Package (VASP) [20] [21] [22] . Energetics within GGA are known to be reliable, however, it usually underestimates the band gap of semiconductors and insulators (some cases even predicted to be metal in GGA) [23] . In fact, in earlier studies [11, 12] we found that GGA gives a negative band gap in Se4 and the observed semiconducting gap could be obtained either after incorporating non-local exchange partially (through HSE06 model [24] [25] [26] or by introducing a large effective value of the Coulomb repulsion (U) among the Cu d electrons within the GGA+U model [27] . If one is interested in knowing the formation energies of charged defects (q 0 in Eq. 1), then a correct value of the band gap (hence the Fermi energy ǫ F ) is essential. For neutral defects, however, GGA is reasonably good and we have used this approximation to calculate the formation energies. In the total energy calculations, the energy cutoff and convergence criteria are set to 400 eV and 1E-4 eV respectively and the Brillouin zone are sampled using Monkhorst-Pack scheme [28] . In all the calculations, the atomic structures were allowed to relax. In addition to the calculations of the formation energies we have also looked at the changes in the host electronic structure brought about by the defects using the supercell model [29] . In this case however one has to have the correct band gap. Since computing electronic structure for the defective systems (supercells with 64 or 128 atoms) using nonlocal approximations (HSE06) is extremely time-consuming and computationally expensive, we have used the GGA+U model (local) to calculate the band structure and the band gap. Since the d bands of Cu are full and affect the band structure near the band gap (associated with p states of Se and s states of Sb) indirectly through hybridization one can tune this hybridization by controlling the position of Cu d bands though U. In our previous study of the pure compound we had to use a rather large effective value of U (∼15 eV instead of the usual 3-4 eV) to get the correct band gap [11, 12] . This value of U is certainly unphysical and should be used carefully in defect calculations. This procedure of using a large parametric value of U to get the correct band gap is somewhat equivalent to the phenomenological approaches suggested earlier by Christensen in the context of LMTO calculations [30] and Segev et al. in the context of pseudo potential calculations [31] to obtain correct band gaps and band structures of binary semiconductors GaAs, GaN, and InN. In these calculations by introducing additional parameters in the potential (pseudo potential) one adjusts the band gap without affecting the structural parameters by more than a few percent. In a similar vain, in our GGA+ effective U calculation which gave the correct band gap, the structural parameters differed by less than 1% from the GGA values.
Results and discussions

Formation energy of defects
The results of formation energies are given in Fig. 1 for vacancies and different types of substitutional defects. Let us discuss the vacancies first. As we see, the formation energies of vacancies are all positive increasing from Cu (0.65 eV) to Se (0.94 eV) to Sb (2.13 eV); it costs energy to form vacancies at all the atomic sites. Clearly Sb is the most strongly bonded whereas Cu is the least strongly bonded. One can use a simple local (nearest neighbor) bond energy picture to understand this ordering. Since Sb and Cu are bonded to four Se atoms each, using the formation energies of these two atoms we can estimate Sb-Se bond energy as 0.53 eV and Cu-Se bond energy as 0.16 eV. Since Se is bonded to three Cu and one Sb we can estimate its formation energy as 3 × 0.16 + 0.53 = 1.01 eV. The actual GGA value is 0.94 eV, suggesting that a local bond energy picture caputures the basic physics. Also stronger Sb-Se bond can be understood in terms of additional bonding between Sb 5s (lone pair) and a properly symmetrized linear combination of p-orbitals of the four nearest-neighbor Se atoms. In fact, the corresponding anti-bonding combination leads to one out of twelve Se p-bands to split off from the rest eleven bands resulting in the opening of a band gap in Se4 [11] . These results are consistent with experimental observations where Se and Cu vacancies are likely to form in synthesizing process and were attributed to the observed p-type behavior of as synthesized Cu 3 SbSe 4 in ref. [7] and ref. [14] respectively. However, as we will show later when discussing the electronic structure that only Cu vacancy acts as an acceptor whereas Se vacancy does not appear to contribute charge carriers. As regards substitutional defects, for each site, we study selective isovalent elements, nominally n-and p-doping s-p elements (to the right and the left of Cu, Sb, Se in the periodic table) and also several transition metal atoms (Ti, V, Cr, Mn etc. ). The reason for studying transition metal substitutions is to choose s m d n instead of s m p n . By doing that we investigate how different types of atomic orbital affect the materials' electronic structure. As we will show, the changes in the band structure brought about by the defects are fundamentally different between these two types. When we substitute at the Se (anion) site the formation energies are all positive. In contrast, when we substitute at the cation sites we find that formation energies can be both negative (in the range 0,−2.0 eV) and positive (in the range 0, 3.5 eV). Substitutions of Na, Mg, and Zn at the Cu site and Ge, Sn, Pb (all s 2 p 2 ), Ti (s 2 d 2 ), and V (s 2 d 3 ) at Sb site give negative formation energies, meaning it is easy to use these atoms as dopants on the respective sites. In experiments, however, only p-type doping using group IV substitutions at the Sb site has been reported. [7, 15] 
Defect induced electronic structure
The formation energy analysis discussed above shows how likely a defect can be created in a system. However it cannot confirm whether a defect dopes the system or changes the host band structures. To address this, one has to look at the change in the band structure brought about by the defects. Even though our formation energy calculations shows that there are only a handful number of potential dopants, for completeness, we have considered vacancies and a wide variety of isovalent and nonisovalent defects both at cation (Cu and Sb) and at anion (Se) sites. Since all the calculations have been done within a supercell model, we must first understand how the band structure of pure Se4 looks like for the supercell. In Fig. 2 , we give the band structures of Se4 obtained in 3 different unit cells, body centered tetragonal (bct with 8 atoms/uc), simple 1 × 1 × 1 tetragonal (16 atoms/uc) and 2 × 2 × 1 tetragonal (64 atoms/uc) -the last one is what we have used for defect calculations. The band structures look different due to band folding as the first Brillouin zone becomes smaller in larger unit cells. Also the Brillouin Zone changes, if one focuses on the lowest conduction band (LCB) in the bct unit cell, there is only one band, the split-off Se p-Sb s band discussed earlier. When one doubles the unit cell (1 ×1 ×1 tetragonal) the LCB consists of two bands and when we use a 2 × 2 × 1 tetragonal cell, LCB contains eight bands. On the other hand, the highest valence band (HVB) remains three-fold degenerate. Band structures of systems with defects should be compared with Fig. 2c .
Before discussing different defects individually one can make several general observations. (1) Some of the defects preserve the semiconducting gap whereas others either destroy the gap or give rise to localized trap states in the gap; (2) Some of the non-isovalent defects which preserve the band gap and do not modify the band dispersion near the band edges can be treated in a rigid band approximation where as others can not. 
Defects at the Cu site
As we have discussed earlier, at the Cu site, substitution of Na, Mg, and Zn have negative formation energies whereas vacancy, substitutions of Ag, Cd, Ni, and Pd have positive formation energies. The band structures for different defects are given in Fig. 3 (vacancy) , and Fig. 4 (substitution) .
As one sees in Fig. 3 , one Cu vacancy in the unit cell of volume 1.478E-21 cm 3 does not change the band structure much. States near the HVB are hardly affected and there is a small splitting of the LCB. Since there is 1 hole/u.c. the carrier concentration is 6.77E+20 cm −3 , an order of magnitude larger than seen in experiment (Skoug et al. [7] ). For the experimental hole concentration we expect a rigid band picture to be reasonable. This result suggests that the often observed p-type behavior of as prepared Cu 3 SbSe 4 can be ascribed to native Cu vacancies. This has been confirmed in experiment by Wei et al. [14] in which they control the hole concentration by controlling the Cu deficiency.
As seen in Fig. 4a ,b despite belonging to different groups, isovalent impurities (Na, Ag) at the Cu site do not change the band structure or dope the system. This is consistent with our previous work [12] where we showed that the compound Na 3 SbSe 4 has the same physical origin of the band gap as in Se4. Ag substitution has slightly weaker effect than Na substitution as the latter splits the band degeneracy and ordering of the conduction bands as seen in Fig. 4b . This suggest that isovalent substitutions on Cu can be used to reduce thermal conductivity (due to phonon scattering and mass fluctuation) without sacrificing the power factor, which indeed has been done for the related compound Cu 3 SbS 4 [32] where 3% of Ag Cu was used to further decrease lattice thermal conductivity beside doping on Sb site.
The alkali earth atoms (Mg, Zn, Cd) are divalent impurities and because of the negative formation energies of Mg, Zn these two appear to be excellent n-dopants. The band structure corresponding to one extra electron/uc is given in Fig. 4c,d . As we can see the HVB and the LCB are hardly affected, just the Fermi energy moves into the conduction band. Again, for these two defects a rigid band picture is quite good. However, as far as we know Mg-and Zn-doped Cu 3 SbSe 4 have not been reported experimentally.
The band structures for Ni and Pd defects are shown in Fig. 4e ,f. Since we are using the GGA+ effective U model to obtain the band structure we have to choose appropriate effective U values for the Ni and Pd impurities. Since Ni is in the same row as Cu (3d) we can use the same U value (15 eV). For Pd which is in the next row (4d) the real U should be smaller by ∼2eV compared to Cu. However, in Fig.4f , we have used U=15 eV, same as in Cu, for Pd as well. From Fig.4e ,f we see that the states near the valence band top are not affected by the defects, only the band gap changes a little. So we can treat Ni and Pd as good hole-dopants where a rigid band picture is good if one can create a proper synthesizing condition to overcome the positive formation energies.
Defects at the Sb site
When we introduce a vacancy at the Sb site, its effect on the band structure is quite dramatic. The number of conduction bands in the u.c. goes from 8 to 7 (Fig. 5) . This is caused by the absence of Sb 5s 2 lone pair at the vacancy site. The p-state associated with the Se atoms surrounding the vacancy does not have a Sb lone pair to hybridize with and its energy drops to the valence band region. As a result there is an increase in the number of Se p-valence bands by one. Also the loss of one Sb which was contributing three electrons to the valence band results in a p-type doping. Unfortunately the perturbation introduced by Sb vacancy is so strong that the band gap vanishes and the resulting system is not expected to be a good thermoelectric. Calculations using a larger supercell (2 × 2 × 2 containing 128 atoms) show that even a smaller Sb vacancy concentration still destroys the band gap. On the other hand, because of the large positive formation energy, it may be difficult to synthesize a system with Sb vacancy.
For isovalent impurities (P, As, Bi), the valence bands are not affected much, but the LCB are strongly perturbed. Arsenic changes the conduction band structure the least, removing some degeneracies at the Γ point. In contrast, in P one out of the eight lowest conduction bands gets pushed up whereas in Bi one band gets pushed down. In Fig. 6 we give the band strucutres of isovalent substitutions on Sb together with the fat-band characters showing that the changes in conduction bands are due to the defect atoms. This difference can be understood by looking at the energies of the LP states for P, As, Bi (ns 2 , n = 3, 4, 6 with energies −19.22, −18.92, −15.19 eV) and the differences in the distance between the defect and the neighboring Se atoms for the three defects ( Table 1 ). The net result is the difference in the strength of the hybridization between the LP and the Se p orbitals. This result is consistent with our earlier calculations in Cu 3 MSe 4 , M=P,As,Bi where local (GGA+ effective U) and non-local exchange (HSE06) opened up a gap between the topmost valence band and the lowest conduction band in P and As but not in Bi. [12] The distance between Sb and M and neighboring Se atoms played an essential role in the band structures of Cu 3 Sb(X)Se 4 . In the impurity systems local relaxation around the defect controls this distance and also plays an important role in determining the energy spectrum near the Fermi energy. As shown in Table 1 , the distance between defect atoms and the neighboring Se increases when one going from P to Bi, the same trend as shown our previous work [12] . Our result for Bi is in agreement with experiment on effects of bismuth doping done by Li et al. [13] where they found a dramatic decrease of activation gap in resistivity measurement. 
Bi In addition to the iso-valent impurities belonging to the same column as Sb we also investigated the change in band structure when Sb (valence configuration
. In case of V we expect its s-state to be empty (no lone pair at the V site) and d-states to contribute new states near the gap. The band structure of V substituting Sb is shown in Fig. 6d . V does perturb the top of the valence band much more than P, As, and Bi. It introduces two more potential hole pockets by bringing the maxima at R and M points closer in energy to that at the Γ point. The highest valence band shifts from Γ to the M point. In addition, one of the eight Se p conduction bands drops down in energy and merges in the valence band and V gives two d-bands (e g symmetry, as shown in Fig. 6 ) to the group of lowest conduction bands (there are nine bands now instead of eight). The five valence electrons of V are just enough to fill all the valence band states, thus preserving the semiconducting behavior. We will discuss later how Cr (s 2 d 4 ) instead of V modifies this picture and whether it dopes n-type?
In order to see whether one can substitute an n-type dopant at the Sb site we tried replacing it by Se and Te. We also looked at Cr since it is to the right of V in the periodic table which as we found acted like an isovalent impurity i.e. it did not introduce any charge carrier. The band structures for Te and Cr substituted compounds are shown in Fig. 7a,b . Results for Se are similar to Te and are not given.
We find that instead of acting as an n-type, Te acts like a p-type dopant. This can be understood by looking at the band structure given in Fig.7a where we have also shown the orbital characters of different bands. The three Te p-states are shown in green and lie high in energy. However the Se-p states which hybridize with Te LP states (5s 2 ) form the band shown in red (Table 1) , making the physics of the Te substitution similar to that of Bi substitution. The split-off lowest conduction band is indeed half filled but its density of states is such that it acts like a p-doped system. This is an example of a defect which is nominally n-type but changes the band structure dramatically such that one sees a p-type behavior. The Cr defect behaves as expected. The effects of Cr defect on the band structure are similar to that of V. However, with one extra d electron than V, Cr moves the Fermi level to the bottom of the conduction band making the system n-type. With the two flat e g bands of Cr acting as resonant states, one should expect a large thermopower, similar to thallium impurity in PbTe [33] . Finally we will discuss what happens to the band structure when we replace Sb by a p-type dopant (s 2 p 2 configuration) such as Sn (or Ge, Pb) or by Ti (s 2 d 2 configuration). The band structures of Sn (Ge and Pb have similar band structures) and Ti defects are shown in Fig. 7c,d . We find that Sn is a perfect ptype dopant, its LP orbitals (5s 2 ) act just like Sb LP orbitals, the eight conduction band states are slightly perturbed (due to lowering of symmetry) and the top most valence bands are hardly affected. The absence of one valence electron (compared to Sb) leads to a perfect hole-doped system. In fact, Skoug et al. [7] and Wei et al. [15] obtained their best thermoelectric performance for the Sn doped samples. In contrast to Sn, Ti doping changes both the valence band structure (near the top) and the conduction band structure (seven instead of eight bands due to the absence of LP for Ti). The two s electrons of Ti are used in filling the extra Se p valence band that drops down from the group of eight). Thus the hole count for Ti is same as Sn. It is, however, noteworthy that Ti defect introduces hole pockets at R and M points of the Brilloun Zone in addition to the one at Γ. Thus one should expect larger thermopower in Ti-doped system compared to the Sn-doped system.
Defects at the Se site
The band structure for a Se vacancy (Cu 24 Sb 8 Se 31 ) is shown in Fig. 8 . In order to understand why a Se vacancy also behaves like a semiconductor we have to do a Se p band count. In Cu 24 two vacancies on the same (SbSe 4 ) tetrahedral, it will dope the system n-type rather than p-type. The explanation is similar to the case of one Se-vacancy, when removing the second Se, we remove three p bands, but now all from valence bands, corresponding to six electrons, however, each Se have only four p electrons that means there are two leftover electrons which will occupy the lowest of conduction bands and make the system n-type. Thus Se vacancy does not appear to be the source of p-type behavior of nominally pure Se4 as speculated by Skoug et al. [7] . We think the observed p-type behavior is most likely due to Cu vacancy as we have discussed earlier.
Replacing Se by S does not do much to the band structure because they belong to the same column whereas replacing Se (s 2 p 4 ) by Cr (s 2 d 4 ) completely alters the band structure (Fig. 9a,b) . The semiconductor band structure is completely gone. One can take advantage of the electronic structure results for S by making solid solutions like Cu 3 Sb 1−y Sn y Se 1−x S x to reduce lattice thermal conductivity without affecting the optimized electronic transport properties. (see Skoug et al. [8] )
To n-dope Cu 3 SbSe 4 by substituting at the Se site we tried I (s 2 p 5 ) and Mn (s 2 d 5 ). Mn, like other transition metal atoms containing d states changes the band structure dramatically and the system does not behave like a doped semiconductor (Fig. 9c) . On the other hand, I appears to be good n-type dopant (Fig. 9c) . However, as we discussed previously, due to the large positive formation energies, it is very difficult to dope Se4 on the Se site.
To test whether Cu 3 SbSe 4 can be doped p-type by Se site substitution we tried Sb (s 2 p 3 ) and V(s 2 d 3 ) substitution at the Se site (Fig. 9e,f) . V, containing d orbitals, destroys the semiconducting character and is not good. Sb S e also does not appear to be a good dopant. It is noteworthy that while transition metals seem to do a good job in doping on the Sb site they perform poorly on the Se site. When substituting Se, transition metals change the electronic structure dramatically by introducing states in a wide range of energy, filling up the gap (Fig. 9) . It turns out, the transition metals dramatically distort the local bondings, for example, Fig. 10 shows how Cr S e alters the local crystal structure. While a normal Se in Cu 3 SbSe 4 coordinates to three Cu and one Sb, Cr S e moves away from the nn Sb and pulls closer to Se, totally opposite to the case of Cr S b where the tetrahedral coordination is preserved. The difference between Sb and Se defect is the symmetry; Sb is at the center of a perfect tetrahedron of Se, on the other hand, Se is in a distorted tetrahedron of three Cu and on Sb. Such a change in local coordinations of transition metal defects on Se site also explains why their formation energies are large (Fig. 1). 
Summary and Conclusion
Our work provides a systematic guide to search for good dopants in Cu 3 SbSe 4 . A combination of analyses of formation energy and band structure suggests that doping on Se site is not favorable (large positive formation energy), whereas it is easy to make p-type materials by substituting Sb with group IV elements such as Sn, Ge, Pb and Ti, of which Ti defect may give better thermoelectric properties due to multiple hole pockets. There are just a few possible n-type dopants which include Mg and Zn substitution on the Cu site. The results also show that a possible cause for the observed p-type behavior of nominally pure Cu 3 SbSe 4 is the presence of Cu vacancy rather than Se vacancy.
